Abstract-Doubly fed induction generators are suitable for systems having limited speed range as the overall control can be carried out by fractionally rated converters. However, brushes and slip-rings used in these generators reduce system reliability and demand greater maintenance. Dual stator winding induction generator (DSWIG), being brushless, removes this limitation. Two distributed windings are embedded in the stator and the rotor is squirrel-cage. One of the windings is interfaced to an uncontrolled rectifier and the other to a fractionally rated PWM converter. Uncontrolled rectifier degrades the power quality within the generation system. At the same time, reactive power demand in induction generators increases with loading. This paper deals with design and control of a standalone dc system based on DSWIG, where a combination of passive tuned filter and series capacitor is utilized to address the voltage regulation and power quality issue. Simulation results using MATLAB/Simulink and experimental results (obtained from a laboratory prototype) have been presented, compared, and discussed to demonstrate the effectiveness of the proposed alternative.
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D
OUBLY-FED induction machines (DFIMs) have been found suitable for motor drives or generation systems where the speed-range of operation is limited as the control of the overall system can be performed by a fractionally rated converter connected on the rotor side [1] - [3] . Wind-energy conversion system forms one of the best examples of such application [4] . However, brushes and slip-rings are prone to failure and require regular maintenance. As a result, various efforts pursued with the development of generation systems or motor drives where the system is brushless and facilitates control of the overall system through fractionally-rated converters [5] . One such solution is brushless doubly-fed induction machine (BD-FIM) [6] , [7] . BDFIM comprises of two stator windings wound for different pole configuration and a nested-loop rotor. One of the windings is directly interfaced to the ac-grid and the other one through a back-to-back converter configuration (similar to DFIMs). However, such machines necessitate use of a speciallyconstructed nested-loop rotor, which is a disadvantage. In comparison, self-excited induction generators are rugged and can be easily manufactured [8] . However, speed-range of such systems is narrow. In order to make such systems suitable for variable-speed generation applications, a full-scale converter has to be placed on the stator terminals [9] . Use of an additional stator winding can assist in reducing controlled-converter rating to a great-extent, especially for dc-mircogrid applications [10] .
The performance of dual stator winding induction machine (with different pole configuration of stator windings) in motoring mode of operation have been reported in [11] . Torquesharing functions for the two stator windings in order to prevent core saturation has been dealt with in [12] . Control algorithms for open-end winding split-phase induction machines have been discussed in [13] . This machine has the capability to replace high-power, medium-voltage synchronous machine drive. One such contribution has been described in [14] . Voltage-frequency control using dual stator winding induction generator (DSWIG) for standalone ac load was formulated in the pioneering work in [15] . Subsequently, DSWIG has found increased attention for applications like power supplies for electric vehicle [16] , more-electric aircraft [17] as well as wind electrical systems [18] , [19] . DSWIG consists of a rugged squirrel cage rotor and two windings on the stator, namely power and control winding. Since the two windings are wound for same number of poles, they can influence each other through the electromagnetic coupling. Power-winding delivers active power to load and control-winding regulates the output voltage with the help of a controlled converter connected across it. Since the main purpose of control-winding is to regulate excitation, the controlled converter rating is much less compared to the overall rating of generation system. Performances of the system for balanced and unbalanced loading have been investigated in [20] and [21] respectively. If the application demands supplying to a standalone dc load, power-winding voltage is rectified using a diode bridge rectifier. Controller development for wide-speed range operation of DSWIG has been reported in [22] where the boost capability of control winding converter has been utilised to extend the speed range. Comparative study of different control strategies for standalone dc system has been performed in [23] . Standalone dc systems using DSWIG having two stator windings of different pole configuration has been discussed in [24] . However, such systems necessitate use of two separate PWM converters corresponding to two stator windings, which is a drawback from the perspective of controlled switch count. As reported in the literature, the system can work with a combination of uncontrolled and PWM rectifier (with two separate dc-links) and without the compensation of lower order harmonics. However, such a system will have more losses (due to increased THD of the winding currents) and the output power capability will degrade. For the same output power, the windings need to handle more current. Unlike that of DFIG based systems reported in [25] - [28] , DSWIG comprises of three magnetically coupled windings. It becomes difficult to compensate for the harmonics by using the controlled winding side converter alone. Therefore, shunt passive filters are deployed at the terminals of the winding which is interfaced to the uncontrolled rectifier so as to mitigate the effect of harmonics at the source itself. It is also well known that induction generators demand reactive power with increase in load. This requirement has motivated the authors to provide compensation in series with the load. Adversely the system now requires more number of capacitors, which reduce reliability. However, modern film capacitors have low value of effective series resistance that makes them less dissipative and so increases life-span. Also, series capacitors possess the ability to bring about a reactive power change in the right direction. This enhances the stability to a great extent and the system offers self-regulation features. Voltage-collapse that is a frequent phenomenon for self-excited induction generators can be completely eliminated by a proper system-design employing series-capacitors. The main contributions presented in this paper are: (i) development of a different configuration of DSWIG which is self-regulatory in nature, (ii) design of passive elements in order to improve voltage regulation, and (iii) stability improvement aided through incorporation of series capacitance.
This paper consists of seven sections. Complete system description, mathematical model and design of passive elements are presented in Section II. Section III analyses and compares the stability of the system with and without series capacitor. Section IV deals with the formulation of controller. MATLAB/Simulink based simulation results are presented in Section V. A dSPACE 1103 based laboratory prototype has been fabricated and experimental results obtained using it is reported in Section VI. Section VII concludes the work.
II. PROPOSED TOPOLOGY

A. System Description
This section provides a detailed description of the system functionalities (corresponding to the topology in Fig. 1 ). The stator of DSWIG consists of two windings which are wound for the same number of poles so that they are magnetically coupled. The rotor is a squirrel cage type. Since the windings are magnetically coupled, the variables of one winding can directly influence the other. Thus, the converter connected to controlled winding (CW) will regulate the excitation within the machine, thereby controlling the induced voltage on the uncontrolled winding (UW) side. A three-phase diode bridge rectifier rectifies this voltage and establishes the dc-bus voltage v dc . Therefore, through excitation control on the controlled winding, v dc can be regulated. The two converters share a common dc-bus. This minimizes the number of electrolytic capacitors and creates a path for simultaneous active power flow through both the windings. This is made possible by connecting the UW in star and CW in delta, as a voltage gain of √ 3 from CW to UW is introduced. This is necessary as a buck-type operation takes place as seen from CW to UW side. Supporting derivation is included in Appendix B. For this particular generator, it is possible to use a parallel combination of uncontrolled and controlled rectifier as active power flow is unidirectional and the reactive power is supplied by a combination of shunt capacitors C sh , series capacitance C se and controlled winding side converter(CWSC).
The presence of diode bridge rectifier (which shares major portion of the power, especially near to rated speed of operation) will have a detrimental effect on the generating system as the power quality and the power factor will degrade. Thus, a proper configuration of passive elements is necessary to deal with this issue. Tuned passive filters can assist in improving power quality as well as providing some amount of reactive power support at fundamental frequency. However, reactive power demand in induction generators increases with load, which degrade voltage regulation. Therefore, a combination of series and shunt capacitors have been chosen as an effective solution. Series capacitance can provide reactive power compensation in proportion to load current and thus assists in improving voltage regulation and increasing power output from the machine.
B. Mathematical Modelling
Simulation model of DSWIG has been developed in MAT-LAB/Simulink. The following equations given by (1)- (6) describes the model in arbitrary reference frame [15] .
Since the rotor is squirrel cage, v dr = v qr = 0. The inductance matrix is given by: 
C. Design of Shunt Filter and Series Capacitance
Design of shunt filter: The purpose of the shunt passive filter is not only to improve power quality but also provide some required amount of reactive power support which will be useful for improving voltage regulation. The filter is designed to absorb significant and predominantly lower order harmonics and cater to the no-load reactive power demand. Therefore, the following per-phase reactive power balance equation has to be satisfied:
Here, I m (nl) refers to the magnetization current corresponding to the no-load terminal voltage. I m (nl) can be obtained from the magnetization characteristics (as shown in Fig. 2(d) ). To optimally cancel out the predominant lower-order harmonics, the shunt filter has been tuned for m th harmonic given by (9) [29] .
where, α 5 =
and α 7 =
. Here, I 1 , I 5 and I 7 corresponds to the rms values of fundamental, fifth and seventh harmonic components of uncontrolled winding current in absence of tuned filter. Using typical values of α 5 and α 7 as 0.1995 and 0.1 respectively, the value of shunt filter inductor L sh can be obtained from the relation in (10) .
Using (8) and (10), the value of shunt capacitor and inductor turns out to be 34 μF and 10.65 mH.
Design of series capacitance: For the sake of simplicity, the schematic diagram in Fig. 2(a) shows the uncontrolled winding side of the generating system. A simplified equivalent circuit is demonstrated in Fig. 2(b) . Here, R L is the reflected resistance on the uncontrolled winding side of the diode rectifier, which is given by R L = corresponding to the simplified equivalent circuit is shown in Fig. 2(c) . Since the same load current flows through C se and equivalent load resistance, the two voltages V r and V ce are orthogonal to each other. Therefore, the following expression can be written:
Let, V u (f l) be the full-load uncontrolled winding terminal voltage and V u (nl) be the corresponding no-load value. Definition of these two quantities are illustrated using Fig. 2(d) . Given a percentage allowable voltage drop across C se , the value of C se can be estimated by:
Here, ω e(f l) corresponds to the generator terminal frequency at full-load, which can be estimated by the method described in [31] . From the magnetization curve of the machine, V u (f l) is taken as 120 V. The no-load voltage is obtained using the expression given by,
v dc . The value of C se computed using (12) is 221 μF .
III. STABILITY STUDIES
This section discusses the stability improvement of the system with incorporation of series capacitance over the system with only passive tuned filter. It is important to estimate the variation of magnetizing inductance with load resistance and operating frequency, which are the two important parameters while assessing the stability of induction generator systems. Fig. 3 displays the corresponding equivalent circuits. Applying loop equations, the circuit can be solved using ΣI u Z u = 0. Since I u = 0, the circuit can be solved by equating the real and imaginary parts of ΣZ u to 0. The two resulting simultaneous non-linear equations are solved to obtain the values of the L m and ω e for various load. For the system with only shunt compensation, ΣZ u = 0 yields the expressions given by (13) and (14) . Applying the same condition for the equivalent circuit in Fig. 3(b) , relationships (15) and (16) are obtained.
Here, C res is the effective capacitance given by C res =
C s e C s h C s e +C s h . At fundamental frequency, the passive tuned filter behaves as a capacitive circuit. Therefore, it is represented as a 'frequencydependent' capacitive element C 1 , as shown in Fig. 4(a) . Similarly, the series combination of C se and R L are transformed into a shunt equivalent circuit given by a load dependent capacitive element C 2 and a 'frequency-dependent' resistance R eq . The parallel combination of C 1 and C 2 is represented as C eq (referring to Fig. 4(b) ). The mathematical expressions of C 1 , C 2 and R eq are given by:
Using (10), the capacitance C 1 can be expressed as
So, C 1 is independent of frequency. For light load conditions, (R L ω e C se ) 2 1. Using this approximation, following expressions are obtained:
Therefore, at light load conditions,
and R eq becomes independent of frequency, whereas at higher loads R eq ∝ 1 ω 2 e and C 2 is independent of frequency. For the configuration with only shunt filter, C eq = C 1 and R eq = R L , which are independent of frequency. The uncontrolled winding terminal voltage dynamics (obtained by applying KCL at node 'A') can be described by (referring to Fig. 4(b) ):
The machine model, given by (1)- (6), can be re-framed in terms of machine flux linkages as given by: The constants a i,j and Δ L in (20) are given by:
Similarly with machine current expressed in terms of flux linkages, the behaviour of the terminal voltage across the uncontrolled winding in synchronously rotating reference frame is represented as: (22) where τ eq = R eq C eq . The machine model (given by (20) ) and UW terminal voltage dynamics (given by (22) equivalent circuits shown in Fig. 3 ) and fed in to the stability analysis program. Eight eigenvalues will result from A-matrix, out of which two of them are found to be dominant. Fig. 5(a) shows the variation of these dominant pole locations with respect to load resistance for the configuration with shunt-filter only. It is interesting to note that the poles begin to move towards the righthalf of s-plane with the reduction in load resistance. The values of L m obtained using the equation
, which is not a feasible solution. However, it is important to note the movement of poles with load resistance corresponding to the two different configurations. The behaviour of the system changes when series capacitors are introduced. The dominant poles move more into the left-half of s-plane with reduction in load resistance, as demonstrated in Fig. 5(b) . Therefore, it can be inferred that deployment of series capacitance enhances the dynamic stability of the system.
IV. DESCRIPTION OF CONTROL ALGORITHM
Here, controlled-winding flux oriented control (CWFOC) has been adopted in order to regulate dc-link voltage to its desired value. In steady-state, the active and reactive power handled by the controlled winding is expressed as (with respect to the arrow directions in Fig. 1 ): From (23) , it is evident that active power control through controlled-winding is possible through i qs (if R s is neglected) and that of reactive power through i ds . In the proposed topology, reactive power contribution on the uncontrolled-winding side comes from two sources, (i) C sh , which generates a fixed amount (ii) C se , which generates reactive power in proportion to load current. The reactive power deficit or excess has to be adjusted by Q C W . Thus, i ds reference is generated from the v dc PI controller such that the total reactive power demand (to keep v dc regulated) within the generation system is met. The q-axis current (i.e., i qs ) consists of two components (as shown in Fig. 6 ): (i) i qsL , which is proportional to the load and (ii) i qsE which is proportional to the error between actual and reference value of dc-bus voltage. Power sharing ratio, k, takes care how much active power CWSC will carry. Detailed mathematical derivation of i qsL generation technique is available in [29] . The vector rotater is generated using the reference voltages (v sα , v sβ ) and controlled-winding side currents i sα , i sβ using the following relationships, where v s = v sα + jv sβ and i s = i sα + ji sβ : 
V. SIMULATION RESULTS
Simulation studies are conducted in MATLAB/Simulink in order to explore the merits of the proposed topology. Dynamic performance of the controller along with harmonic reduction in phase currents are demonstrated through the simulation studies at a constant speed of 1500 r/min. The suitability of the system for variable speed operation has also been investigated. Table I provides machine parameters used for simulation. All the parameters are referred to the controlled winding side. 
A. Dynamic Performance at Constant Speed
First, the system performance under step change in load is studied. Before t = 3 s, the system is running at no-load. A step-change in load of 0.5 kW occurs at t = 3 s as shown in Fig. 7(d) . In order to restore the voltage to 220 V after an initial dip, i ds increases from −1.1 to −0.1 A. Since i qs reference is generated in proportion to load current, it changes to −2 A with negative sign indicating generating mode of operation. An additional load of 500 W is switched on at t = 4 s, which results in an increase of i ds from −0.1 A to 0.6 A. It is interesting to note the effect of power-sharing ratio k on Δi ds (i.e., the change in the value of i ds ) during the step change in load. When the power sharing ratio is changed to 0.2, the steady-state value of Δi ds reduces to 0.35 A (as shown in Fig. 7(c) ). With the decay in the value of k, more power is pumped through the uncontrolledwinding causing more current to flow through C se making the system more self-regulatory. Thus, control effort reduces with the reduction in the value of k. Since i qs ∝ k, the value of i qs becomes almost half for a particular value of load current when k reduces from 0.4 to 0.2, as noticeable from Fig. 7(b) and (c) . The dc bus voltage and load current dynamics are of similar nature for k = 0.2 and hence, are not illustrated again. Fig. 8 shows the steady phase current waveforms for a load of 1 kW corresponding to a power sharing ratio (k) of 0.4. The passive tuned filters have been instrumental in improving the power quality to a great extent, as shown in Fig. 8(a) and (b) . Fig. 8(c) reveals that the fifth and seventh harmonic component of current can be brought to less than 2% of the fundamental component of current. Similarly, the predominant lower order harmonics in uncontrolled winding current can be reduced to less than 3% of the fundamental current. The RMS value of controlled winding current waveform is 2.01 A and that of uncontrolled winding current is 3.68 A. The THD of the i U W is 3.02% while that of i C W is 4.25%. Fig. 9 demonstrates the performance of the system when there is gradual decrease in prime mover speed. If wind electrical system is considered to be the target application, maximum available power from wind will reduce in cubic proportion to prime mover speed (i.e., P out ∝ ω 3 m ). Thus, the maximum available power at 0.6 p.u. speed is 0.216 p.u. with 1 p.u. speed corresponding to a speed of 1500 rpm. Fig. 9(c) shows the variation of prime mover speed from its rated value to 0.6 p.u. As shown in Fig. 9(a) , dc bus voltage is held fairly constant by means of i ds control, irrespective of this speed change. From Fig. 9(b) , it can be seen that i ds increases from −0.6 A to 2 A in order to regulate dc bus to 220 V. Since load on the system is constant, i qs remains fairly constant at −3.5 A. Fig. 9(d) illustrates the steady-state phase current waveform at a prime mover speed of 900 r/min. The rms value of line current is 2.72 A and its THD is 2.28%.
B. Steady State Waveforms
C. Performance for Change in Speed
VI. EXPERIMENTAL RESULTS
A. Dynamic Performance During Loading
Performance of the system when subjected to a sudden rise in load has been experimentally validated and reported here. A dc machine coupled to DSWIG serves the purpose of a prime mover which drives the generation system at a speed of 1500 r/min. Experimental results are presented for two values of k i.e., k = 0.4 and k = 0.2. Initially, a load of 0.5 kW is present across the dc-bus and another 0.5 kW load is applied at t = 1.5 s. As a result of this sharp change in load, v dc undergoes an initial dip of 6 V and is restored to its original value of 220 V within 0.2 s (referring to Fig. 10(a) ). The controlled-winding d-axis current increases from −0.5 A to 0, as shown in Fig. 10(c) . The reduction in Δi ds with reduction in k has been experimentally verified. When k becomes 0.4, the steady-state value of i ds changes from −0.5 to 0.5 A (as depicted in Fig. 10(b) ). This is due to increased current flow through series capacitors which provides better voltage regulation capability. Corresponding simulation results show that the steady-state value of i ds is 0.6 A for k = 0.4 while it is 0.35 A for k = 0.2. This indicates the closeness of simulation and experimental results. Also, i qs changes in proportion to k, as evident from Fig. 10(b) and (c) .
B. Steady-State Waveforms and Load Characteristics
This section reports the steady-state performance of the generation system for a fixed speed of 1500 rpm. Fig. 11 shows the line current and phase voltage waveforms. The variation of rms values of line current with the variation in k is studied. For a load of 1 kW and k = 0.4, I U W is 2.96 A and I C W is 2.26 A. When the value of k is reduced to 0.2, I U W increases to 3.74 A and I C W reduces to 0.8 A, which indicates that current share of each winding can be governed by power sharing factor. Deployment of tuned passive filter assists in improving current quality to a large extent. The fifth and seventh harmonic components in uncontrolled-winding current is reduced to <1% and 3.16% respectively while that of controlled-winding is lowered to 2% and 3.16% respectively, as shown in Fig. 12 . The THD of I U W at k = 0.4 is 4.89% while that for I C W at same value of k is 5.8 %. Since the rms value of phase voltage does not undergo a significant change with change in value of k, only a waveform corresponding to k = 0.4 has been demonstrated. The linecurrent and phase-voltage waveforms at rated load have been displayed in Fig. 13 . The rms value of uncontrolled-winding line current is 4.51 A (with a THD of 4.77%) while that of controlled-winding is 3.5 A (with a THD of 4.92%). The total reactive power demand of the generator system corresponding to the rated load of operation is found to be Q tot = 1274.38 VAR. The shunt capacitors and series capacitors are able to provide reactive power support of 389 VAR and 591 VAR respectively. The apparent power handled by the converter in the presence and absence of series capacitors is 691.66 VA and 1083.6 VA respectively. Therefore, the inclusion of series capacitors allow a 36% reduction in apparent power rating of controlled converter. Performance comparison against configuration with shunt filter only: Fig. 14 shows the variation of total rms current with power sharing ratio for two different loads of 1 kW and 1.3 kW, where total rms current is defined as I tot = I 2 U W + I 2 C W . From the plots, it can be seen that I tot is less for the configuration with series capacitor than the configuration with shunt capacitor, corresponding to a particular value of k and load. Series capacitor assists in raising the magnitude of terminal voltage of uncontrolled winding (as evident from the phasor diagram in Fig. 2(c) ) and reduces the angle between the terminal voltage and current of uncontrolled winding. Thus, I tot reduces and the overall power-factor within the generation system improves. The power available from the machine can be enhanced. The minimum value of I tot corresponding to 1 kW is 3.23 A with series capacitance and 3.48 A without series capacitance. For a load of 1.3 kW, the minimum value of I tot is 4.2 A and 4.4 A with and without series capacitors respectively. Fig. 15 demonstrates the variation of maximum output power with the magnitude of series capacitance. The voltage drop across the series capacitance at rated value of uncontrolled winding current is given by V cse = I u r ω e C s e , where I ur denotes the rms value of uncontrolled-winding current at rated load. With the decrease in the value of C se , the voltage drop across it and the corresponding terminal voltage across uncontrolled-winding increases. Therefore, with the reduction in the value of C se , more active power can be extracted from the generation system. However, further decrease in C se causes even higher terminal voltage across uncontrolled winding which pushes the machine into saturation region. This creates higher reactive power demand and the active power output capability of the machine degrades. This is experimentally validated in the plot shown in Fig. 15 . Compared to the configuration with shunt passive filter only, the maximum output power which can be obtained is 1.45 kW. Proper choice of C se will result in enhancing the maximum power output to 1.66 kW. A 14.55% increase in P m ax is noted which makes the scheme beneficial compared to that reported in [29] .
C. Operation at Different Prime Mover Speeds
The performance of generating system for different primemover speeds has been experimentally investigated (considering wind power generation as the target application) and reported in this section. Since P out ∝ ω 3 r for wind electrical systems, major share of active power takes place through the controlled-winding in the low-speed region where the total output power does not exceed the rating of CWSC. Fig. 16(a) shows the controlledwinding voltages and currents at a speed of 1000 rpm (0.66 p.u.) corresponding to an output power of 0.2963 p.u. The value of I C W is 3.44 A and the corresponding THD is 2.88%. Similar waveforms have been demonstrated for a speed of 900 rpm (0.6 p.u.) and 0.216 p.u. output power in Fig. 16(b) where the rms value of I C W is 2.95 A with a THD of 2.57%. The steadystate values of i ds and i qs are 1.7 A and −3.7 A respectively, which has close resemblance with the values attained through simulation results shown in Fig. 9(a) . The minimum speed required to regulate the output voltage to 220 V is 800 rpm (0.533 p.u.) with an output power of 0.152 p.u. Corresponding result is shown Fig. 16(c) . Here, I C W settles at 2.76 A.
VII. CONCLUSION
A different configuration of DSWIG for a standalone dc generation system has been reported. The major aim is to improve output voltage regulation and power quality within the generating system through a combination of passive tuned filters and series capacitors. While passive tuned filters can absorb the predominant lower order harmonics and supply approximately fixed amount of reactive power, series capacitors will provide reactive power support in proportion to load current. Thus the system attains self-regulating characteristics by selecting proper values of series capacitance. A study shows that stability of the system improves with the increase in load. Compared to shuntonly compensation based system, the proposed configuration offers better power factor and extracts more active power. A simple method to select the magnitude of C se is also discussed. Simulation studies have been conducted on MATLAB/Simulink and corresponding results have been presented. Experimental results obtained using a dSPACE 1103 based laboratory prototype has been provided. Both simulation and experimental results confirm the effectiveness of the proposed configuration in improving voltage regulation in a DSWIG based standalone dc system. Experimental investigations reveal proper choice of series capacitor can enhance the output power by about 15%.
APPENDIX A MACHINE PARAMETERS
Machine parameters and magnetization curve are presented in Table I and Fig. 17 . 
APPENDIX B WINDING CONFIGURATIONS OF STATOR WINDINGS
The generic configuration of a DSWIG-DC system is demonstrated in Fig. 18 . This section illustrates the limitations which arises if both the stator windings are connected in star with unity turns ratio between them. Let, V cdc be the dc bus voltage on the controlled winding side converter. The maximum rms value which CWSC can impress on CW is given by V C W = . For unity turns ratio, V C W = V U W . In such a situation, the maximum output voltage of the diode bridge rectifier on the UW side (at no-load) is given by:
Under loaded condition, the output voltage V ucdc will reduce even further. From (I1), it is evident that it is a buck-type operation from CW side to UW side. Therefore, the output of the diode-bridge rectifier and the PWM-controlled converter cannot be connected in parallel. Connecting the CW in delta and UW in star, a voltage gain of √ 3 is introduced and the two dc buses can be merged into a single one.
